Introduction 39
The dorsal cochlear nucleus (DCN) is a primary target of auditory nerve fibers in 40 the mammalian auditory brainstem. Although the function of the DCN in auditory 41 processing is not fully understood, the observation that DCN principal neurons are 42 sensitive to sounds with complex spectral features has led to the hypothesis that the DCN 43 contributes to the analysis of the spectral content of acoustic information. In particular, 44 DCN principal neurons are proposed to detect spectral features of sounds that vary 45 according to the position of sound sources with respect to the ears and therefore 46 contribute to sound localization (Oertel and Young, 2004; Young and Davis, 2002) . anatomical work (Rhode, 1999) indicates vertical cells provide feed-forward inhibition 54 that shapes the sound-evoked response properties of principal neurons. In fact, in some in 55 vivo preparations, particularly decerebrate cats, principal neurons exhibit predominantly 56 inhibitory responses to moderate and high intensity tones ("Type IV" units in the 57 response map classification scheme (Young and Davis, 2002) ), which has been attributed 58 to vertical cell-mediated inhibition (Davis and Young, 2000; Spirou et al., 1999; Spirou 59 and Young, 1991; Voigt and Young, 1990) . Vertical cells are therefore hypothesized to 60 contribute critically to the spectral analysis function of principal cells (Young and Davis, 61 brain, the brainstem was isolated by making a coronal cut just rostral to the cerebellum. A 85 sagittal cut was then made down the midline of the brainstem, and one half of the 86 brainstem was removed from the skull and glued cut side-down to the stage of a 87 vibratome (Leica VT1200S). The ventral side of the brainstem was turned to face the 88 vibratome blade and was angled slightly downwards (~6° angle with horizontal plane). 89
During dissection and slicing, tissue was kept immersed in warm (~34°C) ACSF 90 containing (in mM): 130 NaCl, 2.1 KCl, 1.7 CaCl 2 , 1.0 MgSO 4 , 1.2 KH 2 PO 4 , 20 91 NaHCO 3 , 3 Na-HEPES, 11 glucose; saturated with 5% CO 2 / 95% O 2 , ~300 mOsm. 92
Following slicing, slices were allowed to recover in 34°C ACSF for one hour, then either 93 transferred to a recording chamber or maintained in ACSF at room temperature (~22°C) 94 until use. 95
96

Electrophysiology 97
During recordings, slices were constantly perfused with ACSF (1-2 mL/min; 98 chamber volume ~1.6 ml) maintained at 33 ± 1°C using an in-line heater (Warner 99 Instruments). Cells were visualized using a 60X magnification objective on the stage of 100 an upright microscope (Olympus BX51W) equipped with infrared gradient contrast and 101 fluorescence optics. GFP-expressing neurons were identified by briefly illuminating 102 tissue via a mercury lamp light source and viewing fluorescence using a GFP filter set 103 
Electrophysiological data acquisition and analysis 150
Recordings were acquired using a Multiclamp 700B amplifier and pClamp 10 151 software (Molecular Devices). Signals were digitized at 50 kHz using a Digidata 1322A 152 (Molecular Devices) and low-pass filtered at 10 kHz. For voltage-clamp experiments, 153 pipette series resistance (<20 MΩ) was compensated by 80%. In current-clamp 154 recordings, bridge balance was used to compensate series resistance. Membrane time 155 constant (τ membrane ) and input resistance (R input ) were measured in current-clamp from 156 averaged voltage responses (10-20 sweeps) to 200 to 400 ms long -20 pA current steps 157 delivered while vertical cells were at resting membrane potential (V rest ) (no bias current 158 injection). R input was determined by measuring the voltage change from resting V rest for 159 the last 50 ms of current step and calculated using Ohm's law. τ membrane was measured by 160 fitting a monoexponential function to the initial voltage response to the -20 pA current 161 step. Action potential (AP) shape measurements were determined from responses to 1 ms 162 suprathreshold current steps (typically 1 nA). AP threshold was defined as the first peak where I is the injected current, F max is the maximum firing rate, I 1/2 is the current injection 169 level at which the firing rate is half maximal, and n is an exponent factor. Gain of the 170 spike frequency versus current injection relationships was defined as the mean initial 171 slope of the fitted Hill functions, and was calculated by differentiating over the portion of 172 the fit between 0 and 300 pA injected current. Decay kinetics of spontaneous EPSCs and 173 unitary IPSCs were determined by fitting biexponential or single exponential functions to 174 the decay phase of currents, respectively. Spontaneous EPSCs were detected using the 175 template function event detection feature of Axograph X (Clements and Bekkers, 1997) . 176
In paired recordings, latencies of uIPSCs were defined as the time difference between the 177 peaks of presynaptic action potentials and current at which uIPSCs had achieved 20% of 178 their peak amplitude. Unitary IPSC latencies and decay time constants were usually 179 measured from the first uIPSC in a train, but were sometimes measured from the second 180 or third uIPSC when the first uIPSC was obscured by spontaneous IPSCs or was very 181 small. Conductance values for unitary events were calculated from the driving force for 182 Cl -currents (usually 23.8 mV) and peak current amplitudes relative to baseline current 183 for the first uIPSC in a train. Unitary IPSC latency, decay time constant and peak 184 amplitude were measured from averaged currents from 10-33 sweeps, with the exception 185 of peak conductance values that exluded failures, in which averaged currents were from 186 three or more sweeps. Failures were defined as trials in which a rapid outward current 187 deflection rising above baseline noise levels was not observed within 1 ms after a 188 Oertel, 1993a), and are unique among DCN neurons in their ability to fire high frequency 235 bursts of APs ("complex spikes") (Manis et al., 1994; Zhang and Oertel, 1993a are presumed vertical cells (Rhode, 1999) . 252
In our recordings, we observed several different action potential firing responses 253 to hyperpolarizing and depolarizing somatic current steps (200 ms duration) that we 254 classified into four general categories (Figure 2 ). In over half of recordings (54.1%; 255 66/122 cells), cells fired rebound spikes after the offset of hyperpolarizing current steps 256 and membrane potential quickly returned to resting levels following the offset of 257 depolarizing current steps ( Figure 2A ). We termed these cells "rebound spiking" cells. In 258 another subset of recordings (24.6%; 30/122 cells), cells also exhibited rebound spiking 259 after hyperpolarizing current injection but depolarizing steps evoked plateau 260 depolarizations in which membrane potential remained depolarized beyond the offset of 261 current injection ("plateau and rebound spiking" cells; Figure 2B ). In most cases, plateau 262 depolarizations could support action potential firing beyond the offset of current steps. 263
Another group of cells (9.0%; 11/122) exhibited plateau depolarizations but no rebound 264 spiking ("plateau" cells; Figure 2C ). Finally, 12.3% of cells (15/122) did not exhibit 265 either plateau potentials or rebound spiking ("no plateau or rebound spiking" cells; Figure  266 2D). In some cells with rebound or plateau spiking, the spiking behavior following 267 current injection offset could last up to several seconds, but more typically rebound and 268 plateau depolarizations lasted 100-300 ms. 269
Despite differences in spiking behavior, cells among the different categories could 270 not be clearly differentiated from each other based on intrinsic membrane properties 271 (Table 1) . Resting membrane potentials (V rest ) were not significantly different between 272 spiking phenotypes except for slightly hyperpolarized V rest values in "no plateau or 273 rebound spiking" compared to "rebound spiking" cells. No significant differences were 274 observed between groups for measurements (see Methods for details) of cell input 275 resistance or membrane time constant. 276
Action potential characteristics, which were measured in a subset of cells in 277 which 1 ms suprathreshold current steps were applied to trigger spikes, were also similar 278 among the different spiking phenotypes. No significant differences were observed 279 between spiking phenotypes for action potential threshold, spike height, or spike half-280
width (Table 2) (see Methods for definitions). 281
All cells, regardless of spiking phenotype, exhibited sustained, repetitive firing 282 during long depolarizing current steps. Figure 3A and 3B show plots of instantaneous 283 spike frequencies during 200 ms current injections from 50 to 650 pA (50 pA increments) 284
for different example cells that were near opposite ends of the range for spike frequencies 285 observed in our recordings. As illustrated by these plots as well as the summary of mean 286 spike frequencies versus current injection in Figure 3C , vertical cells responded to 287 increasing levels of current injection with steadily higher firing rates. Mean firing rates 288 were significantly higher in "plateau and rebound spiking" cells at current injection levels 289 between 50-400 pA compared to "no plateau no rebound" cells or "rebound spiking" 290 cells, and for currents between 50-250 pA compared to "plateau" cells. All other 291 comparisons between groups were not significant with the exception of higher firing rates 292 in "rebound spiking" cells compared to "no rebound no plateau" cells at 50 pA. The gains 293 of the input-output relationships, which were determined by fitting Hill equations to the 294 mean spike frequency versus injected current relationships ( Figure 3C ) (see Methods) 295 (Silver 2010), were similar across the different subtypes, but with slightly higher gain in 296 "plateau and rebound spiking" cells ("rebound spiking" 0.88 Hz/pA; "plateau and 297
rebound spiking" 1.09 Hz/pA; "plateau" 0.93 Hz/pA; "no rebound no plateau" 0.86 298 Hz/pA). frequency adaptation (adapatation index < 1) and others exhibited some spike frequency 308 acceleration (adaptation index > 1), but on average spike rate was similar at the end of 309 current steps compared to the start and were not significantly different between vertical 310 cell subtypes (adaptation indexes: "rebound spiking": 1.0 ± 0.18, n= 21; "plateau and 311 rebound spiking": 1.1 ± 0.17, n=13; "plateau": 1.2 ± 0.27, n= 7; "no plateau or rebound 312
spiking": 1.3 ± 0.38, n= 9; p= 0.06) ( Figure 4E ). In response to 300 pA steps, cells with 313 between 80%-20% of initial EPSC amplitudes (see Figure 5C ). In several cells (see 330 Figure 5C ), EPSCs at the end of a ten stimuli train were depressed to similar levels across 331 a ten-fold range in stimulation frequencies (200 Hz EPSC10/EPSC1 vs. 20 Hz 332 EPSC10/EPSC1 ratio >0.75 in 6/11 cells) so that the average depression of EPSCs was 333 constant across stimulus frequencies in the eleven vertical cells with depressing 334 excitatory synapses ( Figure 5B-C) . However, the lack of difference was also likely due in 335 part to variability in the extent of depression across the sample of recorded cells. 336
Weak synaptic connections between vertical cells and postsynaptic targets 338
Vertical cell-mediated inhibition is hypothesized to strongly shape DCN principal 339 neuron activity (Young and Davis, 2002) . However, existing evidence that vertical cells 340 provide inhibition to principal neurons is indirect and comes primarily from anatomical 341 studies (Rhode, 1999) and cross-correlation analysis of paired extracellular recordings 342 between principal neurons and vertical cells (Voigt and Young, 1980; Voigt and Young, 343 1990 ). We therefore directly tested for functional synaptic connections between vertical 344 cells and fusiform neurons using dual whole-cell recordings. 345
Fusiform cells were identified based on their location within the fusiform cell 346 layer, large, bipolar somata (see Figure 1A ), large amplitude spikes (peak ~20 mV more 347 depolarized than vertical cells), and lack of GFP expression in tissue from GlyT2-EGFP 348 mouse tissue. We also usually visualized the dendritic morphology of fusiform cells by 349 for a given fusiform cell). 359
We found that action potentials in vertical cells elicited detectable postsynaptic 360 currents in fusiform cells in 11/91 of tested pairs (12.1% connection probability). We 361 examined spiking responses in presynaptic vertical cells in ten of the connected pairs to 362 examine which vertical cell subtypes synapse upon fusiform cells. Five presynaptic cells 363
were "rebound spiking" cells, four were "plateau and rebound spiking", and one was a 364 "plateau" cell. Thus, at least three of the four subtypes of vertical cell can form synapses 365 upon fusiform cells. 366
Measurements of peak conductance, latency, decay kinetics and failure rate for 367 unitary postsynaptic currents (uIPSCs) elicited by presynaptic vertical cell spiking are 368 summarized in Table 3 . Consistent with monosynaptic connections between vertical cells 369 and fusiform cells, uIPSCs were evoked with short latencies following presynaptic 370 vertical cell APs (Table 3) . Unitary currents had fast decay kinetics (Table 3) in one pair. We tested for connections in both directions in all but one vertical cell pair. 400
Thus, a total of 71 possible connections were examined, which yields a connection 401 probability of 23.9% (17 connected/71 tested connections). We assessed the spiking 402 phenotype of the presynaptic vertical cell in seven pairs. Four presynaptic neurons were 403 "rebound spiking" cells, one was a "plateau and rebound spiking", one was a "plateau", 404
and one was a "no plateau or rebound spiking" cell. We characterized the spiking 405 behavior of the postsynaptic vertical cell in twelve of the connected pairs. Eight of these 406 postsynaptic neurons were "rebound spiking" cells, two were "plateau and rebound 407 spiking" cells, and two were "plateau" cells. Thus, all vertical cell subtypes were 408 were not different in paired recordings from wild-type animals compared to those from 428 GlyT2-EGFP mice (peak conductance 2.2 ± 3.0 nS vs 1.6 ± 1.7 nS, respectively; p= 0.6, 429 unpaired t-test; wildtype n= 6 pairs, transgenic n= 8 pairs). Arguing against a reduction in 430 neuronal glycine content over time during paired recordings, we did not notice systematic 431 Table 5 ). 461
462
Control of fusiform cell spiking requires multiple vertical cell inputs 463
We next investigated the functional impact of vertical cell-mediated inhibition on 464 principal neuron spike output. In a first set of experiments, we made simultaneous A particularly striking feature of most vertical cells was the ability to sustain very 534 high firing rates (up to 400-500 Hz) throughout the duration of depolarizing current steps. 535
In fact, in several cells, particularly those in which initial spike rates were <~250 Hz, 536 spike rates were higher at the end compared to the beginning of a 300 pA current step. 537
Even cells with high initial spike rates often showed some acceleration of instantaneous 538 spike frequencies after an initial drop in frequency at the start of current steps (see 539 especially individual traces for "plateau and rebound spiking" cells in Figure 4A ). The 540 mechanisms contributing to the maintenance (or acceleration) of high firing rates in 541 vertical cells were not explored in this study, but it is possible that the same conductances 542 strength. While this may still be a possibility in our recordings, we found that a 616 significant increase in slice thickness had no effect on unitary IPSC conductance. One 617 possibility is that the strongly inhibitory responses seen in some principal neurons are due 618 to tone-evoked activity in a population of vertical cells converging on those principal 619 neurons. Another possibility is that vertical cell-mediated inhibition plays a more subtle 620 or different role in shaping principal cell output in mouse DCN compared to cat. In 621 support of differing roles for inhibition across species, in vivo studies using awake or Tau membrane (ms) rebound spiking 27 11.5 4.6 6.8 to 22.9 plateau and rebound spiking 11 10.3 2.4 6.7 to 13.6 plateau 7 9.1 3.4 5.9 to 13.7 no plateau or rebound spiking 9 9.8 1.9 7.7 to 12.7
All comparisons between vertical cell subtypes not statistically significant except Vrest of "rebound spiking" and "no plateau or rebound spiking" cells (p< 0.01) 
